Abstract: Massive construction of transportation infrastructure and fast growth of private car ownership have brought unprecedented changes in land use and transportation systems to cities and regions in many developing countries. Traditional "four-step" travel demand models, which are not designed to assess transport policies under the case of rapid land-use change, cannot be used to achieve coordinated planning of transport and land use. Therefore, there is a pressing need to develop and use integrated land-use transport models (ILUTMs), which consider interactions among socioeconomic activities, urban land use, and transportation development, for policy analysis and for guiding the progressive urbanization process taking place in many parts of these countries. In light of this, efforts have been invested in developing production, exchange, and consumption allocation system (PECAS) models for the cities of Shanghai, Wuhan, and Guangzhou in mainland China. This paper presents the cultural, organizational, and technical challenges encountered in the development of PECAS models for the cities of Shanghai, Wuhan, and Guangzhou and the mitigating solutions from the development teams for taking up or working around them. The solutions and discussions presented in this paper should be interesting to researchers and practitioners for developing ILUTMs in the context of a developing country like China.
Introduction
(statewide) (Weidner, Hunt, Abraham, Moeckel, Gregor & Knudson, 2008; Hunt, Weidner, Knudson, Bettinardi, & Wardell, 2010) , California (statewide) (Gao, Lehmer, Wang, McCoy, Johnston, Abraham & Hunt, 2010) , Atlanta (Abraham, Hunt, & Wang, 2014) , San Diego, Los Angeles, San Francisco, USA; City of Edmonton, Province of Alberta, Canada (Hunt & Abraham, 2003) ; Caracas, Venezuela (Fuenmayor, 2016) ; Mumbai, India (Mir, Krishna Rao, & Hunt, 2010) ; Shanghai and Wuhan, China (Zhong et al., 2016) . This paper discusses key challenges encountered in the development of PECAS models for the cities of Shanghai, Wuhan and Guangzhou in China with respect to cultural, organizational and technical aspects, and corresponding solutions to solve or work around them. The discussions presented should be useful as a reference for researchers and practitioners who are or will be developing ILUTMs in the context of developing countries.
After a short introduction of PECAS modeling framework and the three ILUTM projects (for cities of Shanghai, Wuhan and Guangzhou), the challenges encountered and the mitigating solutions proposed are presented. The paper finishes with our conclusions and recommendations.
PECAS modeling framework and its implementations in China

Introduction to ILUTMs and the PECAS framework
The Lowry model developed in 1964 is seen as the classic ILUTM, which is the first operational framework that can explicitly consider the interactions between land use and transportation (Lowry, 1964) . Then it was further enhanced to DRAM/EMPAL and then to ITLUP/METROPILUS by Putman (1983 Putman ( , 1991 Putman ( , 1994 Putman ( , 1996 . Echenique and Lindsay (1969) and Echenique, Flowerdew, Hunt, Mayoa, Skidmore & Simmonds (1990) introduced the MEPLAN model and used the model in Spain, West Germany and England, to predict the effects of local land use and transport policies. Boyce, Chon, Ferris, Lee, Lin & Eash (1985) firstly introduced a combined model of urban travel and location in the Chicago region, which provided transportation planners a decision-making tool based on computer methods and data. Miller and Salvini (2001) presented the architecture of the Integrated Land Use, Transportation, Environment (ILUTE) system, making it possible to simulate and analyze the environment impacts of different land use and transport plans. Waddell (2000) and Waddell, Peak, and Caballero (2004) proposed UrbanSim, which is featured with microsimulating urban land, real-estate, transport markets without requiring an equilibrium solution. Based on the MEPLAN and TRANUS models, Hunt and Abraham (2003) proposed the PECAS framework to simulate the spatial economic systems under consideration, which is featured with higher spatial resolution and greater behavioral fidelity. PECAS is a generalization of the spatial I/O modeling approach used in the MEPLAN and TRANUS land-use/transport modeling systems. It incorporates the "integrated" structure of these models and also the "connected" structure used by UrbanSim. In an integrated model, the land-use component feeds the spatial distribution of flows of economic interactions between zones as origin and destination movements into the transport component, and the transport module performs the remaining steps. The transport component of a connected model performs the classical four steps, including trip distribution. Compared with a connected structure, the integrated option assures the best integration of the two components and avoids inconsistency in the use of O-D matrix. Both the "connected" and "integrated" structure can be set up within the PECAS framework, which is an important advantage to engage planning agencies when a full-fledge, four-step model is in place and a connected structure can be easily set up to run land-use and transport model concurrently. An integrated structure can be developed over a long-run when resources and opportunities permit. The unification of these two approaches into a single framework in PECAS is seen to be a step forward which enables the benefits of both approaches to be realized. Compared to other ILUTM frameworks, this could be one advantage that makes PECAS more attractive. Besides, PECAS is very flexible in accommodating itself to a variety of data or the lack of data, which makes it applicable to situations where data shortage is the main obstacle of modeling. Depending on its design and purposes, a PECAS model usually consists of the following modules (Hunt & Abraham, 2009 ): Economy and Demographics Forecasting (ED module), Activity Allocation (AA module), Space Development (SD module) and Transport (TR module), as shown in Fig.1 . ED module usually uses structure equations, regression analysis or time series analysis to forecast the size of activities within the studied area, which provides the activity totals, normally in terms of monetary units, to the AA module where the activities are allocated to different zones based on random utility theory. Flows of commodities from production zones to exchanges zones and from exchanges zones to consumption zones are determined by nested logit models that take into account exchange prices and transport (dis)utilities. SD module simulates developer actions according to the exchange prices for space. The PECAS framework provides a static equilibrium framework, but it can be run annually. It integrates interregional trade with and supports modeling of freight due to the relationship between trade and the movement of goods. Different policies related to economy, land use and transport can be investigated with the framework. Abraham, Gordon, and Hunt (2005) presented the development of the PECAS Model for the region of Sacramento, which was developed based on a series of pioneering land-use/transport interaction models (including TRANUS and MEPLAN) used by the Sacramento Area Council of Governments (Hunt, Johnston, Abraham, Rodier, Garry, Putman & de la Barra, 2001 ). Zhong, Hunt, and Abraham (2007) developed a province-wide PECAS Demo model for Alberta, Canada for the provincial government, which was intended for policy analysis, in order to make more informed economic, land use and transportation infrastructure decisions. Hunt, Abraham, De Silva, Zhong, Bridges & Mysko (2008) developed a PECAS model to simulate space development in Baltimore. PECAS models have also been developed or being developed in many other locations, such as Atlanta, USA and Mumbai, India.
Regarding the three PECAS models under development for the cities of Shanghai, Wuhan and Guangzhou, an integrated structure has been set up, where the land-use model will carry out "trip generation and distribution" and the transport model takes care of "mode split" and "network assignment." The land-use model will take the congested travel/transport time from the transport model as one of the inputs, as shown in Fig.1 . The three PECAS models will be briefly introduced below.
Shanghai PECAS demo model
The City of Shanghai, located in the southeast region of China and the Delta region of the Yangtze River, is one of the most developed parts in China. Like other top cities in China, the City of Shanghai is also undergoing a progressive economic and social development, accompanied by a dramatic increase of population and urbanization, and a large scale of investment in space and transportation infrastructure development. However, the planning of land use and the planning of transport have been traditionally carried out by independent departments of the city government and problems arising from uncoordinated plans become apparent and costly to mitigate. Therefore, an effective tool to address this issue is particularly useful. In this regard, an integrated land-use/transport model (ILUTM) is clearly the choice. Due to the shortage of time, budget and data, a PECAS Demo model is first developed. Fig.2 shows the design diagram of Shanghai PECAS demo model, which only considers 16 broad categories of activities (including 6 types of households classified by their income level (low, medium and high) and rural/urban designation), 13 types of goods, 5 types of labors and 7 types of space. The rows show producing and consuming activities, while the columns are commodities (including goods, services, space and labors). The commodity production is represented in a "make table format" at the top of the figure, and the commodity consumption is represented in a corresponding "use table format" at the bottom of the figure. Commodities flow down the columns from where they are produced to where they are consumed (Hunt and Abraham, 2009) . A large number of data items have been assembled and then used to design and develop the model during this stage. Currently, the Activity Allocation (AA) module The aggregate economic flows table for Shanghai PECAS demo model of Shanghai PECAS Demo model has been built and its Space Development (SD) module is still under development.
AA module is run under different scenarios in Shanghai which include congestion tolling and polycentric development strategy. The results are shown in Fig.3 and Fig.4 respectively. The coded colors from blue to red represent quantities of activities from low to high. As can be seen from Fig.3 , under the congestion tolling scenario, more agricultural activities will be allocated to the southwest area of the city, more industrial activities to the northwest of the city and more Retail, Hospitality and Catering (RHC) activities to the northeast area where the Pudong District is located. In Fig.4 , under polycentric development strategy, both the agricultural and the industrial activities will concentrate in the southwest area of the city, while RHC activities will generally move to the north of the city with few concentrations in different parts of the north. 
Wuhan PECAS demo model
The City of Wuhan, located in the central part of China, is the capital of Hubei province, the largest city in Central China and the largest transportation hub in China. The City of Wuhan is undergoing a rapid economic and social development, and therefore a careful plan is required for a sustainable development. Similar to the case of the City of Shanghai, the planning of land use and the planning of transport of the city have also been carried out by independent government branches, resulting in uncoordinated plans which could potentially result in many side effects on the city development. In this regard, an effective integrated land-use/transport model can play a significant role for supporting the development of a coordinated plan.
Figure 5:
The aggregate economic flows table for Wuhan PECAS demo model Like in the case of Shanghai, due to the shortage of time, budget and data, a PECAS Demo model is first developed. Fig.5 shows the design diagram of Wuhan PECAS demo model. It is featured with 14 types of socioeconomic activities, 13 types of goods, 5 types of labor and 8 types of space, which were determined based on the resources available to the project and consideration of integration with the existing travel model owned by the government agency. The model will cover the entire City of Wuhan (including its urban and rural area) and have 690 transportation analysis zones (TAZs) and 147 land-use zones (LUZs) . A large number of data items about the city have been assembled. At present, the joint AA-SD version of Wuhan PECAS Demo model is running and subject to further calibration and validation. Some preliminary results from the Demo model are presented as follows.
1) ED module To provide the activity totals for the PECAS framework, initially, separate ordinary least square (OLS) regression model was developed for each of the sectors considered (Industry sectors and Households shown in Table 1 ) based on historical data, but it was found that the models developed did not correctly represent the expected trend using historical gross output totals of each specific sector. The forecast results are inconsistent with the expected development trend, where a positive but declining growth rate would take place as the time moves along. Therefore, several other techniques, including regression models with polynomial variables and ARIMA, were tried, but they were all found to unable to represent the expected trend described above. Finally, a set of exponential smoothing functions were chosen, as they were found to be able to represent the trend identified based on the data from the last few years and they were used to forecast the totals for the 12 Industry sectors and the two Household categories.
The 12 Industry sectors are categorized into the three industries in the city and the GDP growth rate of each industry and the overall GDP growth rate are calculated based on the economic data from years 2002-2016. Assuming a declining and steady economic growth in the planning horizon (see Fig.6 ), the forecasted results of 12 Industry sectors from years 2017 to 2038 are illustrated in Fig.7 .
The rural and urban population data are collected from the Yearbook of 2002-2016. It should be noted that the urban population is the urban resident population plus floating population. Floating population is defined from the census point of view, as the population that have different residential places as their places of household registration and their stay in the current location is less than 6 months. Since the floating population has a great fluctuation before the year of 2015, it is impossible to forecast the floating population directly. Therefore, we forecasted the total population ( Fig.8 (a) ), rural resident population (Fig.8 (b) ) and urban resident population (Fig.8 (c) ) separately. The floating population is obtained by subtracting both the resident population from the total population, as shown in Fig.8  (d) . The urban population is calculated and shown in Fig.8 (e). The forecasted trip length distribution of each commodity reported by the AA module is analyzed (only the agricultural products and industrial products are shown in Fig.11 as the examples). Both the buying and selling activity of agricultural products require a distance mostly longer than 2 km, but the agricultural products for selling are transported by shorter distance than the products for buying. On the other hand, the trip length distribution of industrial products shows a similar preference for buying and selling, where the selling of the industrial products has much shorter trip lengths than the buying. The results seem reasonable, since the selling of the agricultural products and industrial products are mostly driven by the markets and therefore the suppliers/sellers are required to transport them to the exchange zones to be close to the customers to meet the demand of the local markets and therefore a relatively shorter trip length. On the other hand, the buying of the two products, especially with a large amount of quantity, would encourage the buyers (usually wholesalers and enterprise customers) to consider the regional even national markets in order to receive a competing price and therefore the buying often requires much longer trip lengths. 3) SD module The forecasted quantities of the industrial space developed for several cross-section years from years 2008 to 2038 are presented in Fig.12 . Fig.13 shows the cumulative residential space developed by each year in several sample LUZs selected. It can be seen that generally the residential spaces in these zones experience a quick increase from 2008 to 2020, especially zone 78, and then become very stable after that. A possible reason is that the quantity has reached the maximum allowed by the zoning regulation or the space quantity is enough for supporting the forecasted residential activity in these zones (and therefore stabilized space pattern). The model can be applied to investigate real policy questions that cannot be addressed by simple travel models. For example, a new river-side business district is going to be developed based on an "old area" of the city in Hankou District (right on the north side of Yangtze River), which features with limited number of small-size streets and low-density, informal development. The developers wish to have a high-density development planned, but the capacity of the streets within the area would not be able to accommodate all the traffic associated with such a development. The proposed ILUTM for the city will not only correctly forecast the phases and quantities of developed space (by category by zone) and therefore be able to support the study of changes of traffic patterns within the area, but also provide estimates of highest development density allowed that is restrained by the capacity of surrounding streets. As another example, the government of the City of Wuhan is examining the plan of building a 2.5 ringroad, which will be placed between the 2 nd and the 3 rd ring road of the city. However, the exact location of this ring road and its impact on the urban form (sprawled vs. concentrated) has been under intense debate. With an ILUTM, the desirable location of this ring road can be better located rather than with a travel demand model alone.
Guangzhou PECAS demo model
The City of Guangzhou, located on the Pearl River, is China's third-largest city and a thriving commercial center. Its proximity to Hong Kong has made it a strategic port for centuries. The residents' density and employment density of the city for the year of 2017, and the land-use classification under detailed regulatory planning for the year of 2030 are shown in For the past decades, the traditional four-step model was criticized for its incompetency in dealing with the relationship between urban master plan, land-use plan and transportation plan. For example, when a land-use plan is made, the distribution of the production factors for each industry should be taken into consideration. The plan is feasible only if the factors required for production are distributed within a certain range (measured by production cost, which includes the value of commodity and corresponding transport cost). To coordinate different planning practices and facilitate the sustainable development of the city, Guangzhou PECAS Demo model is being developed. The design diagram of Guangzhou PECAS Demo model is shown in Fig.15 . 1) Activities Besides the activities considered in the Wuhan PECAS Demo model, construction, real estate, and wholesale and retail industries are added. The inclusion of construction industry is to determine the impact of the industry on the land development and space supply of the city, and the inclusion of real estate is to analyze the impact of the land and space trade and transfer of ownership on other relevant industries (e.g., Construction and Finance) and eventually urban form. As to the wholesale and retail industry, it is one of the pillar industries of Guangzhou city. Canton Fair (or the China Export Commodities Fair) held annually in Guangzhou city is the largest trade fair in China. With such a design, it is then possible to explore the impact of the development of the above industries on the extension of transportation infrastructure, the land and space development and resulting urban form with the model. In total, 6 more activities are added in the Guangzhou PECAS Demo model, namely, Construction-operation, Construction-office, Real-estate, Wholesale and retail, Financial service, Leasing and business service.
2) Commodities For the above 6 additional activities added into the Guangzhou PECAS Demo model, the following commodities are taken into consideration accordingly: Construction-operation product -developed space, Construction support, Wholesale and retail service, Financial service, Real-estate service and Leasing and business service.
3) Land use and space In the model, 11 land use and space types are considered to conform to the next round of detailed zoning or regulatory planning, and predict the spatial distribution of different socioeconomic activities considered in the current 4-step travel model. This is particularly important to the agencies (Guangzhou Land-Use Planning Bureau and their subsidies) in charge of the travel model, as this will empower them to systematically consider the following plans: Master Development Plan, Land-Use Plan, Transportation Plan, Environment Protection Plan, and Water and Resource Plan within a consistent framework. 4) Labor types Eight types of labor are included to cover the newly added activities. New types are Construction workers, Wholesale and retail trade service workers, Leasing and business service workers, and Public service workers, which are consistent to the activities specified for the model. 5) Household classification In the Wuhan PECAS Demo model, only urban and rural households are classified, while for the Guangzhou PECAS Demo model, households are divided into 6 according to rural/urban and household income. The more household categories increase the complexity in the household production and consumption blocks and the data demand, but this will provide a way to more accurately model the behavior of rural/urban households, especially the impact of their income onto some critical behaviors relevant to urban modeling, such as housing and car ownership. 6) Transport model In the transport model, car, truck, subway, bus and non-motorized vehicles (bike and electro-mobile) are considered in order to be consistent with their current and next generation of transport demand model in the future. Consideration of the above modes within a large city like Guangzhou seems to be a minimum of any travel demand model developed for similar cities.
The Guangzhou PECAS Demo model is designed considering the city characteristics, however, the design is too complicated in terms of a demo model. It requires a large amount of resources to complete and a great amount of challenges have to be overcome, which will be discussed in the following sections.
3
Challenges and mitigating solutions Scissor differences between rural and urban areas; 8)
Lack of detailed land use/space information at LUZ level; 9)
Lack of population/employment/land-use data at disaggregate zonal level; 10)
Lack of freight transport data; 11) Data inconsistency; and 12)
Complexity of developing, calibrating, validating and using ILUTMs.
We discuss these issues in more detail in the following sections of the paper.
Modeling culture
Generally, the modeling culture is weak, especially for integrated modeling, in a developing country like China. The history of land use and transportation modeling dates back to the later 1950s (Batty, 1979) . Afterwards, various kinds of experiments with integrated modeling were carried out. As to the modeling work in China, it was not until the early 1980s that quantitative methods were implemented in transportation planning. After that, transportation modeling started to flourish with the Reform and rapid growth of cities. For example, the first travel survey of the City of Wuhan was conducted in 1987 and the very first travel demand model for the city was developed based on the data collected from the survey. Later two travel surveys for the city were carried out respectively in 1998 and 2008, and travel models were redeveloped accordingly, which all followed the line of traditional "four-step" travel demand model. The Wuhan PECAS Demo model is the first of its kind (Zhong, Hunt, Abraham, Li, Li, Yang & Wang, 2016) . A weaker culture about data and modeling has forced the team to use aggregate commodity, occupation, and space categories in the Wuhan PECAS model and a demo model had to be developed in order to demonstrate it does, in fact, functionally show the interactions between land use and transport systems. Considering enormous transformation of the city is taking place, it is no longer a good planning practice to assume that land-uses remain fixed when making transportation investment decisions and evaluating the impacts of major transport projects. In this regard, relevant scholars should take actions for advocating ILUTMs which should be eventually enforced by legislation, e.g., Clean Air Act Amendment in the USA. Only in this way, people will take modeling seriously and make informed decisions based on modeling results.
Institutional barrier
Institutional rather than technical barrier dominates. Relevant city models often become monopoly and black boxes in cities. Land-use modelers usually cannot access the information from transport models and similarly for transport modelers to access land-use models, which makes it difficult to integrate these two models or entails work for replicating models again. For the sake of a better modeling community, we suggest that models be transparent and open to public. People should have access to information and data. It should also be made clear to all stakeholders that staying behind is dangerous.
Distrust from engineers and politicians regarding ILUTMs
The distrust from engineers and politicians regarding ILUTMs makes it hard to reach a consensus for building an integrated model in the first place. Due to weak modeling culture, politicians, engineers and even transport modelers doubted the usefulness of integrated models and successfulness of developing such a "complicated" model based on limited data and other resources (e.g., funding and staff). In such a case, the PECAS team had to develop a Demo model to demonstrate that it is feasible to develop such a model within a reasonable time and budget. It should be clear that modeling is not about to provide an accurate forecast of the future, but a tool for understanding relative impacts of a range of policies and corresponding actions. A set of assumptions exist behind every type of models.
Lack of human resources required for ILUTM work
Lack of human resources required for ILUTM work at both universities and planning agencies is a hard fact the modeling community has to face. The development of an ILUTM requires expertise in various subjects, such as transportation planning and modeling, land-use planning, geography, computer science, statistics and economics. Dedicated education and training programs are needed. Relevant universities and institutions should take the responsibility of hosting ILUTMs.
Limited resources and urgency of decision making
The development of ILUTMs requires a long-term commitment and investment, but limited resources and urgency of decision-making make the efforts of modeling suspicious. Due to the shortage of time, budget and data, it is often impossible to develop a full-fledged, operational model at once. Therefore, we suggest a long-term incremental and short-term agile approach be taken for the development of ILUTMs. For example, a three-stage development strategy is proposed to the City of Wuhan, with which a PECAS Demo model, a Preliminary model and an Operational model will be developed over an incremental process through time. Through the designed incremental process, more disaggregated activities, goods, labors, land and space categories and higher spatial and temporal resolution will be introduced and represented inside the model. The short-term agile approach splits a large project into several smaller modules that could be completed in a short period of time like two to three weeks, which allows for flexible planning of the development of different modules according to available time, fund, data and staff. The design diagrams of Demo models for Shanghai PECAS and Wuhan PECAS are shown in Fig.2 and Fig.5 respectively. Demo models consider limited categories of activities, commodities, labors, and land and space categories. The design diagram of a Preliminary model (Fig.16 ) and an Operational model ( Fig.17) for Wuhan PECAS are also developed, which will be developed over an incremental process through time. It can be seen that through the designed incremental process, more disaggregated activities, goods, labors, land and space categories and higher spatial and temporal resolution are adapted into the models. Compared to the Demo model, the Preliminary model will include finer level of sectors in the first, secondary and tertiary industry. Specific improvements are: 1) Expanding 14 socioeconomic activities into 26 sectors plus six types of households (in total, 32 activities). Most of the additional activities are from the tertiary industry-service sectors and by splitting urban/rural households into 6 finer categories (small, medium and large) based on their size; 2) Adding the "slow traffic mode," which includes walk, bike and electronic bike, into the transport model; 3) Replacing the existing 13 products and services with 27; 4) Using a more elaborate 7 types of labor instead of the original 5 categories, basically by splitting "Office employment" into "Management," "Professional/Technical" and "Office Support" Labor. The eight land and space categories are maintained within the Preliminary PECAS model. In terms of spatial and temporal resolution, the initial design of the Wuhan PECAS Demo and Preliminary model is to divide the whole City of Wuhan into 690 traffic analysis zones (TAZs) and 147 land-use zones (LUZs). With one year as the update step size for the land-use module, and five-year as an update step size for the transport module. The TAZs used are consistent with the current travel model in Wuhan and the LUZs used are developed largely based on the street blocks used in the census. The representation of the socioeconomic activities, products, services, labor, floorspace, and land categories of the above Wuhan PECAS Preliminary model is largely in the similar order with several PECAS operational models. However, the modeling team suggest that the following improvements be made to the Preliminary model, in order to provide a "powerful" Operational model: 1) Adding the consideration of consumption of the natural resources (water, minerals, fuel) of the socioeconomic activities and their environmental impacts (such as water, carbon dioxide emissions), into the model; 2) Expanding 6 types of families into 18 categories according to urban/rural status, household income (high, medium, low) and household size (large, medium, small); 3) Explicitly consider the following economic flows: the central and local financial, investment and rent, and taxes and financing. Considering the spatial and temporal resolution, the Operational model may use 1100 TAZs covering the entire city with most of the newly added TAZs in the rural areas for better representation of these parts of the city. The number of LUZs will also be increased from 147 to about 200 to 300. The land use and the transport module will be run and updated each year over the next 30 years or so, in order to support the planning analyses under the reality that unprecedented infrastructure development is taking place in the City of Wuhan (Completing 11 subway lines over the next 6 years and the overall mileage of the Wuhan subway network will be 400 km by 2021). Solutions to cultural, organizational, and technical challenges in developing PECAS models for the cities 
Lack of Input / Output (I/O) data
Another challenge the modeling team is facing is that there is no I/O data for administrative units lower than province in China. Besides, I/O tables do not provide detailed information on commodities produced or consumed. As illustrated in the above PECAS design diagrams, I/O table is the basis for the spatial modeling of PECAS. In literature, Miller and Blair (2009) systematically described a set of survey-based and non-survey based methods for developing regional or national input-output tables. Tobben (2017) proposed a maximum entropy model that can estimate unobserved physical and monetary commodity flows simultaneously with limited information. However, none of them is trivial and each of them requires significant efforts to implement. In the current study, our mission is to develop a demo ILUTM as quickly as possible, in order to demonstrate its feasibility, flexibility and utility. Facing very limited time and resource, a rather simplified method through iterative proportional fitting (IPF) was instead used as a mitigating solution. In this case, "local" technical coefficients within I/O table are assumed to be the same as the provincial ones or estimated using Fratar method. We then created I/O table for the City of Wuhan based on the sector totals of the city and the I/O table for Hubei Province.
To obtain information on commodities produced or consumed, the research on products of sectors can be carried out and relative results can be borrowed. Moreover, detailed production/consumption data by sectors can be compiled through production data from various sources. However, due to lack of appropriate data, the choice of commodity, space occupation categories had to be set at a much aggregated level within the Wuhan PECAS Demo model, with 13 types of commodities, 5 types of labor and 8 types of space. Efforts are underway to develop "better I/O tables" using more advanced non-survey methods, such as "Best Practice Firms" proposed by Miernyk (1965) and "RAS" procedure (also known as a "biproportional" matrix balancing technique) (see Stone, 1961: and Bacharach 1970) , which will be used in our operational models.
Scissor differences between rural and urban areas
Significant "scissor differences" of socioeconomics and corresponding behaviors between rural and urban households in typical municipalities in China are found to exist and have an important implication to urban land use and transportation planning policies, which are usually targeted to mitigate such differences. In the current 690 TAZs of the City of Wuhan within which 399 urban-zones and 291 rural-zones are identified. A household travel survey for collecting socioeconomics and travel behavior data of urban and rural households of the city was carried out in 2008. This data set is used to study the "scissor differences" between rural and urban households in terms of their income, size, space and vehicle consumption and trip frequency/distance. Our study results show that "scissor differences" are statistically significant in nearly all of the above aspects. ), household income (HI) (unit: 10,000 yuan), highest household mobility (HHM), and travel distance (TD) (unit: km) of the urban and rural households. The highest household mobility refers to 7 grades which represent nil vehicle (0), bicycle (1), electric bicycle (2), motorcycle (3), other vehicles (4), private car (5) and company car (6). Other vehicles refer to truck, carriage, tractor and so on. In Table 2 , the mean of HS, BA and HHM of rural households are higher than that of the urban households, while the mean of HI and TD of rural households are lower than those of the urban households. The rural households have a higher COV in HI, HS, and TD, but lower COV in BA and HHM, which indicates that the rural households show a larger variation in the first three aspects, but a smaller variation in the last two aspects than the urban households. The p-values for comparing household size, household income, building area consumed, highest household mobility and travel distance between urban and rural households through a set of Mann-Whitney U tests (a nonparametric paired test) are provided in the last column of the table. It is clear that the two household groups show significant differences for all variables with a p-value of 0.000 in each case, except for travel distance. A p-value of 0.157 was reported for comparing the travel distance between the rural and urban households, which indicates that the hypothesis that the mean of travel distance of the two types of residents is the same cannot be statistically rejected. However, the outliers and higher variation (COV is 67.5 for the urban residents vs. 69.9 for the rural) could result in the same conclusion. The histogram of travel distance by rural and urban residents is shown in Fig.18 . As can be seen from the figure, there is an obvious difference of travel distance between rural and urban households. Solutions to cultural, organizational, and technical Figure 18 : Distribution of travel distance by rural and urban residents A further examination was also carried out by further dividing rural/urban households into 9 categories (categorized by three household income levels and three household sizes) and it is found that many subgroups began to show significant differences in their travel distance (Tang, 2017) . As there are significant scissor differences of socioeconomics, travel and space consumption behavior between the rural and urban households in the City of Wuhan, such differences should be explicitly considered in integrated modeling exercises by separately setting up urban and rural household groups. Indeed, as the number of household categories considered within the model increases, the amount of data required and parameters to be estimated for developing a similar PECAS model would increase in an exponential manner. For example, currently, only urban and rural households are considered in the model, but it can be extended into a cross classification considering household urban/rural designation (2 classes), income (3-classes: low, medium and high), size (3 classes: small, medium and large), and car ownership (2 classes), with a total number of household classes of 36. In many cases, under such a household classification plan, there would not be enough data to estimate corresponding household parameters for some underreported households.
challenges in developing PECAS models for the cities
To further discuss the implications of different household classification schemes to integrated modeling, different household classification schemes are designed for different models according to urban/ rural and different categories of HS and HI combinations (as shown in Table 3 ) and compared about the model accuracy (Mean Square Error, MSE) and complexity (data demand, DD).
The following within-group mean square error (WG-MSE) is used to indicate model accuracy:
Where n n ----The number of samples in group n; y in ----The sample value in group n; y n ----The average of the samples in group n; SSE----Sum of Squares for Error.
The input data required for developing a full land-use transport model based on the PECAS framework, under different household classification schemes, is calculated as the following:
Where n g ----Number of household groups after classification; n s ----Number of groups of household socioeconomics data; n t ----Number of groups of household travel data. The MSE represents how much variation is left out when using an average as a modeling parameter for describing the behavior of a given class of household. In general, the lower it is, the better the modeling accuracy. On the other hand, the more the household categories are, the more data are required for household outputs and consumption variables, increasing the complexity of the model. We define the DD (data demand) indicator (Eq. (2)) to represent the complexity of the model. The results of MSE and DD calculations by Eq. (1) and (2) for different household classification schemes are shown in Fig.19 (a) and Fig.19 (b) . The x-axis in Fig.19 (a) represents the 6 models with 6 schemes of household classifications we defined. From model 1 to model 6, the household categories increase from 2 to 18. The left y-axis shows the MSE of grouping variables like household size and household income; the right y-axis shows the data required for the construction of the model.
In Fig.19 (a) , the blue solid line represents the MSE variation curve of household income from model 1 to model 6, the green solid line stands for the MSE variation curve of household size and the yellow dashed line shows the variation curve of data demand. It can be observed that from model 1 to model 6, with the increase of household categories, the MSE curves for household size and household income generally decline, whereas data demand curve rises. For example, in model 1, data required is 40 and the MSE of household size is 0.93; in model 2, data required is 80 and the MSE of household size is 0.53; in model 3, data required is 378 and the MSE of household size is 0.36; in model 4, data required is 504 and the MSE of household size is 0.53; in model 5, data required is 756 and the MSE of household size is 0.36; in model 6, data required is 1134 and the MSE of household size is 0.35. It is quite understandable the coarse classification of household into urban and rural in model 1 generates the highest MSE. With more categories, the MSE is lower. Model 3 has one more category of household size (medium size) than model 2. In model 2, the small-size household has less than 5 family members while the large-size household has 5 or more family members; while in model 3, the small-size household has less than 3 family members, the medium-size household has 3 to less than 7 while the large-size household has 7 or more family members. The MSE of household size reduces from 0.53 for model 2 to 0.36 for model 3.
The x-axis of Fig.19 (b) also represents the 6 models with 6 different household classification schemes. The left y-axis shows the MSE of building area and the right y-axis represents the complexity of the model (data demand, DD). The MSE of building area and data demand is compared in Fig.19 (b), which demonstrates a similar general declining trend as in Fig.19 (a) . However, the MSE of building area displays an obvious declining and fluctuation trend.
The fitting curves and corresponding formula for each variable are also shown in Fig.19 (a) and Fig.19 (b) . In Fig.19 (a) , it can be seen that the MSE of household income has a steeper declining trend than that of household size, which suggests that household income thresholds used for classifying households into different income groups may play a more important role in determining whether the members from different household groups would show a similar or different behavior.
It appears that the accuracy of the PECAS model improves with more divided household categories. Meanwhile, the data demand of the PECAS model increases, especially sharply from model 4, which adds huge amount of workload in modeling practice. This suggests that model 3 is the best option with the tradeoff between accuracy and data demand in our case. The above results show that the scissor differences between rural and urban households in cities of China would affect model results in a very significant manner if such differences were not well considered and structured within the model. The study results above clearly show that such differences are statistically significant and this fact, in turn, calls for a refined treatment of household categorization inside an ILUTM, with at least rural/urban households classified by some socioeconomic variables (such as income and size) being included. This is going to be a salient difference from those applications in North America and other developed countries.
The PECAS framework or any other ILUTM framework should be able to represent such differences easily, but structural challenges may arise, as the amount of data required will increase in an exponential manner when the number of the household categories is doubled or tripled.
Lack of detailed land-use/space data
The problem of lack of detailed land-use/space information at LUZ level, is common even in major cities in China. In most ILUTM applications, floorspace data are obtained simply by transforming household and employment census data into floorspace via conversion factors. To tackle this problem, we suggest that various technologies, such as remote sensing (LiDAR + Optical, as shown in Fig.20 and Fig.21 ), online mapping (land-use function) and GIS data (Points of Interest (POI); Mobile Phone Location data) be applied to extract land use and population/employment information. LiDAR is a relatively new, active (in contrast to optical which is passive in nature) remote sensing technology, which can be used to produce digital elevation models and digital surface models in a timely fashion. The preprocessed LiDAR data require filtering and classification prior to building and floorspace data extraction. A set of tools (LAStools) is used to classify LiDAR point clouds into three main land-cover groups, namely buildings, ground and vegetation. When the extraction software identifies the building points, boundaries are drawn using polygons to represent building footprints. The next step is to calculate the amount of floorspace from the LiDAR-extracted building layer by category and by zone. The estimated floorspace in each zone is obtained by multiplying the number of floors (based on the building height and a floor height estimate) by the building footprint. The land-use category of each building is identified by overlaying a parcel layer. According to our study results (Shiravi, Zhong, BeyKaei, Hunt, & Abraham, 2015) , in general, the LiDAR-based method tends to slightly underestimate floorspace, due to problem with data density and overhanging trees; nevertheless, such a method can produce fairly accurate building representations and floorspace estimates compared to the current census data-based method. Furthermore, a land use extraction expert system as shown in Fig.22 has been proposed to extract land-use information at a very disaggregate spatial scale (Beykaei, 2013) . As can be seen from the figure, different data sources will be used in the land use extraction process. Results of land cover classification including parking lots, vegetation area, and bare soil are essential to the morphological analysis of urban features. Geographic data and land cover extracted are used to examine and recognize different land-use patterns at Dissemination Block (DB) and also parcel level. Different LU classification tools, including FuzzyDecision Tree (FDT), Logistic-Decision Tree (LDT), and Artificial Neural Network (ANN), are used in the morphological analysis in order to extract LU information at the DB-level. At this level, only morphological analysis is applied, as the spatial arrangement analysis to the relative locations of DBs with different LUs will not help extract any more detailed LU information. The LU extraction process at the parcel-level continues to the spatial arrangement analysis to develop a more sophisticated LU extraction expert system. In this regard, misclassifications occurring in the morphological analysis at the parcellevel are further corrected through spatial arrangement analysis. The accuracies of the final results from the LU extraction system at each analysis level (DB or parcel) and at each step (Morphological or spatial arrangement analysis) are assessed to evaluate the utility of the LU extraction expert system developed. As to the floorspace rent and price information by the different floorspace types that is critical to the land-use calibration, we found there was no readily attainable such information. For the city of Wuhan, we had to resort to the annual reports of real estate analysis companies to collect information. The fact is that dwelling house price is the most available from the websites of real-estate agencies, next is the price/ rent of office buildings, followed by the price of commercial space. There is less price/rent information on other types of floorspace, such as industrial/ governmental floorspace and warehouse. Great efforts have to be made to search and screen such information.
3.9
Lack of population/employment/land-use data at disaggregate level
The problem of lacking population/employment/land-use data at disaggregate zonal level can be mitigated by referring to census and economic survey, if they are available. However, the spatial separation between operation (blue-collar) and management (white-collar) can only be determined after the survey practice is changed (no longer log spatially separated factories and their headquarter as one business unit, but independent ones) or dedicated data analysis is carried out. On the other hand, population, employment and space data at disaggregate levels (e.g., parcels or street blocks) can be synthesized and optimized against the targets at aggregate spatial level where such data are available (Abraham, Stefan, & Hunt, 2012) , as shown in Fig.23 . Possible data sources include population/employment data from census/yearbooks, mobile phone location data, and floorspace data extracted from remotely sensed imagery. They can be cross-checked for their validity. However, mixed floorspace use, which is a common practice in China, still poses a big barrier. A study about the mixed floorspace use of the city is therefore warranted and should be carried out. 
Lack of freight transport data
Lack of freight transport data, logistics flow, and trip lengths for commodities transported by different modes/vehicles of different sizes is another challenge. Flows of exchanges determined in the PECAS model from production to exchange zones and from exchanges zone to consumption zones are allocated according to exchange prices and transport (dis)utilities. These flows need to be converted to transport demands in terms of loaded trucks (and empty ones after unloaded) which will be loaded to transport networks in order to determine congested travel dis(utilities). Actually, abundant trajectory data for trucks exist, but there are not much data about what commodity a vehicle actually carries. It appears that such data are either business secret of sellers or not-a-must information to be collected by logistics operators, as the latter care most about delivering their serviced loads on time, rather than inventorying all commodities transported (they mostly categorize the goods transported into "light" and "heavy"). One possible solution is borrowing initial parameters from logistics literature, and the other is carrying out small scales of freight transport survey, the latter of which may entail a certain amount of cost and work.
Data inconsistency
Data inconsistency need to be dealt with carefully. For as complex a system as an integrated model is, large amount of data of different formats related to land use, economic activities and transportation are involved. For example, a large number of data items have been assembled for the development of Wu- . These different types of data tend to disagree with each other. We have to use various methods to judge and cross check the validity of data from different sources. For example, when we estimated the labor consumption coefficients for different industries, we found there was inconsistency in the classification of labors in yearbooks for different years. For the years from 1994 to 1998, the labor consumptions for mining, manufacturing, electricity, gas and water production and supply, and construction were provided as labor types (technical staff, administrative staff, service staff and other). However, from 1998 on, the labor consumption by different industries are offered according to the education level of labors.
Complexity of developing, calibrating, validating and using ILUTMs
An ILUTM simulates the socioeconomic activities, land use and transport system of the whole city (or a region), which requires specialists of economy, transportation and modeling to work together. Even though many integrated models are available now as commercial software packages, the development, calibration and validation of the models are still daunting tasks. Therefore, as mentioned above, special training of engineers and students to understand ILUTMs should be provided, in the form of graduate courses, research programs or workshops. Furthermore, the model developer and relevant modeling team should develop a full version of calibration manual and at least automate the process, thus to make it easier for people to develop and use ILUTMs.
Conclusions and recommendations
In this paper, the challenges and issues in designing and developing three PECAS models in China, namely Shanghai PECAS, Wuhan PECAS and Guangzhou PECAS are presented and corresponding mitigating solutions from the development team are given. The discussions presented in this paper may be able to help guide model design, data collection and model development in developing countries. Based on our experiences with the development and implementation of the PECAS models in China, we conclude that: 1. Modeling should be promoted through all means (education, media and legislation). More investment should be put in education and training related to integrated modeling. 2. Long-term incremental and short-term agile development approach seems to be a good solution, which works with issues related to culture, institution, funding, and staffing. 3. Data issues were seen as the largest obstacle for developing such a model at first. However, the experiences to date indicate that the PECAS framework is very flexible and it can work with most spatial data collected, either aggregated or disaggregated. Of course, the aggregation effect costs the modeling accuracy, but the framework is flexible enough to allow the model development based on aggregated data, which will then be improved over time by engaged agencies and staff. Our experiences indicate that data actually is no longer an obstacle, even in the context of developing countries like China. 4. Integrated modeling requires coherent vision, plan and actions from researchers, practitioners and decision-makers. The modeling community should work together to continue improving this coherence. 5. More detailed research into the issues of scissor differences, information extraction and data synthesis are needed for improving integrated modeling.
